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Argentina.
Abstract
The structure of Nafion 117 membranes was studied through SAXS experiments and 2D pattern simulations. Measure-
ments were taken for different moisture conditions by synchrotron radiation, and for different temperatures through
X-ray tube irradiation. The experimental profiles were fitted through simulations based on a new structural model
including: the amorphous polymer matrix, polymer crystallites, and inverse core-shell type channels conformed by
water cylinders and sulfonic chains. The geometrical parameters intervening in the simulation of the SAXS patterns
were optimized for each experimental condition. This approach allowed the proper description of the experimental
SAXS profiles for the various moisture conditions studied. In addition, a recent lamelar model was also included in
the assessments, and the corresponding performances were discussed.
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1. Introduction
The polymer electrolyte membrane fuel cell
(PEMFC) has become a promising type of fuel cell as a
clean energy source. The membrane used as electrolyte
is a key component in PEMFCs, and it must have a high
proton conductivity, low electron conductivity, low fuel
permeability, good chemical and thermal stability, and
good mechanical properties. One of the most common
and commercially available fuel cell electrolytes is the
Nafion R© membrane, manufactured by DuPont.
Nafion is a copolymer of tetrafluoroethylene (PTFE)
and a vinyl ether containing a sulfonyl fluoride group at
the end. It has received a considerable attention as a pro-
ton conductor for PEMFCs due to its excellent thermal
and mechanical properties [1, 2].
The morphology of Nafion membranes is a subject of
continuous research due to its strong influence on their
properties. The mechanical, thermal, and oxidative sta-
bility of the Nafion membrane is directly related with its
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polymer structure, although the relationship between its
nanostructure and proton conductivity is still not clear.
The first approach for Nafion structure, called the
cluster-channel or cluster-network model, consisted of
a distribution of 4 nm sulfonate ion clusters held within
a continuous fluorocarbon lattice. Narrow water chan-
nels of about 1 nm in diameter interconnect the clusters,
which explains the membrane transport properties [3–
5].
Later structural investigations have yielded other
ionic domain shapes, namely, a core-shell sphere model
where the ion-rich core is surrounded by an ion poor
shell; a rod model where the sulfonic groups arrange
into crystal-like rods; and a more recent lamelar model
proposed by Kreuer and Portale [6], which provides ar-
guments supporting locally flat domains.
The various structural existent models involve an
ionomer domain, a crystalline component, an amor-
phous phase, and water; regardless the possible varia-
tions, all of them produce appropriate raw descriptions
of the membrane structure [7]. The differences rely in
the distribution of each of these phases.
The performance of many of these models has been













surveyed by small-angle X-ray scattering (SAXS) or
neutron scatering (SANS), as that proposed by Schmidt-
Rohr and Chen [8], in which the Nafion structure is de-
scribed with cylindrical water channels and PTFE crys-
tallites within the non-crystalline PTFE matrix. The
SAXS/SANS profile (I(q)) of a Nafion membrane has
two main features: the ionomer peak at q ≈ 1.57 nm−1,
and the matrix knee at q < 0.7 nm−1. The ionomer peak
is produced by the membrane water channel periodic-
ity within the clusters. The width of the peak is related
to structural disorder in the clustering of water domains
[6, 8], and the position is associated to the hydration de-
gree [6, 8–10]. The matrix knee is caused by the fluoro-
carbon polymer crystallites randomly distributed in the
amorphous polymer matrix, and its intensity depends on
the degree of crystallinity [11]. These crystallites are an
important component of Nafion membranes, since they
give them specific mechanical properties [12].
In this work, the Nafion membrane channel struc-
ture was studied by means of SAXS. Experimental
SAXS patterns acquired by synchrotron radiation and
by a conventional X-ray source were fitted by optimiz-
ing a parallel inverse core-shell cylinder structure ob-
tained through Monte Carlo simulations. This approach
is based on the Schmidt-Rohr and Chen [8] model,
in which parallel cylindrical water channels (non-core-
shell) and polymer crystallites are distributed within
an amorphous polymer matrix. The reasons support-
ing this choice are that this approach easily describes
the hydrophilic (SO3 groups and water) and hydropho-
bic (fluorocarbon chain, CF2) domains, accounting for
many of the physicochemical properties, such as proton
conductivity, ion exchange capacity and water absorp-
tion capacity. The main improvement introduced here
is the difference in electron density between the sul-
fonic chains of the Nafion structure and the amorphous
polymer matrix. As a consequence, an improved elec-
tron density map was obtained, following the hexagonal
structure reported by Lyonnard et al. [13]
Hexagonal-like cylindrical inverse core-shell water
channels were generated by Monte Carlo simulations,
and the membrane structure was furnished by the ag-
gregation of these clusters through random walks. The
electron density maps used to provide the simulated
SAXS intensity profiles were generated with these wa-
ter channels along with prismatic polymer crystals dis-
persed in the amorphous polymer matrix. The final
Nafion membrane structure was obtained by optimizing
the parameters involved, to achieve the best match to the
experimental profiles. It is important to stress that vari-
ations in the membrane structure due to changes in the
environmental conditions (e.g., pressure, pH, tempera-
ture or moisture) may be readily assessed through this
approach, since the simulated SAXS/SANS patterns can
be computed easily. In order to check the self consis-
tency of the present approach, the SAXS patterns cor-
responding to different temperature and moisture condi-
tions were successfully reproduced. In addition, ionic
flat domains [6] were also implemented in the simula-
tions, with the aim of comparing the performances of
the different models.
2. Experiment
A commercial Nafion 117 polymeric membrane
(Dupont) 183 µm thick was chosen for the present
study. Before the SAXS measurements, Nafion samples
(∼1 cm2) were subjected to the activation treatment sug-
gested in [14], intended to protonate the sulfonic groups,
which are the membrane active sites:
• heating in Milli-Q water up to 80◦C, and keep this
temperature for 1 h;
• rinsing with Milli-Q water;
• heating in hydrogen peroxide 3% solution up to
80◦C, and keep this temperature for 1 h;
• rinsing with Milli-Q water;
• heating in a 0.5 M H2SO4 solution up to 80◦C, and
keep this temperature for 1 h;
• rinsing with Milli-Q water;
• keep under water.
SAXS measurements were performed at the SAXS1
beamline of the Brazilian Synchrotron Light Labora-
tory (LNLS, Brazil), in transmission mode. The se-
lected beam energy was 8 keV, with a beam size of
1.5 × 0.5 mm2. Data were collected with a two-
dimensional Pilatus 300K (Dectris) detector, back-
ground corresponding to the dark noise and the empty
cell signal being subtracted. Each SAXS pattern was
acquired in a q-range 0.12 nm−1 ≤ q ≤ 4.58 nm−1 at
constant temperature (25◦C) and moisture conditions,
the counting time being 10 s in all cases. The first
measurement was acquired at 100% moisture, and this
was slowly reduced between measurements, down to
50% ambient moisture; 24 hours were allowed before
taking the last measurement, in order to ensure room
conditions (RH 50%). On the other hand, the sim-
ulation program developed along this work was used














Figure 1: Scheme of a finished hexagonal cluster. The numbers indi-
cate the sequential generating order.
membrane structure when heating the sample at RH
50%. To this aim, SAXS profiles at different temper-
atures were acquired in a motorized Xeuss 1.0 equip-
ment (Xenocs) with a Pilatus 100K (Dectris) detector.
The selected beam energy was 8 keV, with a beam size
of 0.5 × 0.5 mm2, q values ranging from 0.1 nm−1 −
2.5 nm−1. Since the beam flux is quite lower in this
case, samples were irradiated during 300 s. A Linkam R©
HFSX350 heating and freezing stage was used in order
to program the sequential temperatures imposed to the
sample.
In order to assess changes in the sample crys-
tallinity due to the activation treatment, X-ray diffrac-
tion (XRD) patterns were acquired in an PANalyti-
cal Empyrean diffractometer with a copper tube and a
graphite monochromator at 40 keV and 40 mA, 0.1◦
step size and the effective counting time was 100 s/step.
3. Methods
In the model presented here, electron density maps
were furnished by Monte Carlo simulation where in-
verse core-shell like cylindrical water channels are thus
packed in an inverted micellar configuration, assigning
different electron densities to the water channel cores,
the sulfonic shells, the dispersed polymer crystallites,
and the amorphous polymer matrix. The electron den-
sities used were 0.548 e/Å3 for the amorphous polymer
matrix, 0.632 e/Å3 for the polymer crystallites, 0.557
- 0.589 e/Å3 for the sulfonic chain and 0.334 e/Å3 for
the water channels [15, 16].
Fig. 1 shows a typical cluster produced by the simu-
lation algorithm developed. Such clusters are built up
with seven channels in a hexagonal array, six located in
the hexagon vertices and one at its center. The proce-
dure to generate a cluster was: firstly, the channel core
radii were sampled from the distribution proposed by
Schmidt-Rohr and Chen [8], setting the center r of this
distribution according to the membrane hydration de-
gree. A shell 0.7-1 nm thick (uniform random distribu-
tion) was then added to each channel corresponding to
the sulfonic chains. Channels were generated sequen-
tially, in the order shown in Fig. 1. The location of each
vertex channel center was chosen by adding a random
two-dimensional Gaussian perturbation to the positions
of the vertices of a regular hexagon, with a standard de-
viation σ = 〈v〉/3, where the fitting parameter 〈v〉 is a
measure for the structure disorder; this perturbation was
constrained to avoid the overlapping of water channels.
The interplanar distance d10 responsible for the appear-
ance of the ionomer peak is associated to the hexagon
apothem.
To locate the clusters in the matrix, a Diffusion Lim-
ited Cluster Aggregation (DLCA) model was used. In
this model, a seed cluster is placed in the middle of the
map, and then the rest of the clusters are generated over
a circumference. Then the clusters perform a random
walk approaching the center, and stick to the cluster ag-
gregate when they get in contact.
Once the cluster aggregate is complete, polymer crys-
tallites are added. These crystallites were modeled as
rectangular transversal sections, according to Schmidt-
Rohr and Chen [8], Van der Heijden et al. [17] and Kim
et al. [18], with one side ranging between 1.5 and 3 nm,
and the second between 1.5 and 5.5 nm, their ratios run-
ning from 1/1 to 1/1.8. The crystals were located in a
random way over the polymer amorphous matrix, fol-
lowing a 2D uniform distribution.
With the density maps built up as described, SAXS
profiles were simulated using the algorithm proposed by
Schmidt-Rohr [15], which allows to model the scatter-
ing intensity as a function of q, I(q), by using the In-
verse Fourier Transform in a two-dimensional electron
density map for long parallel structures. For each mea-
sured spectrum, the parameters r, d10 and 〈v〉, as well as
the polymer crystallite sizes and number, were fitted in
order to achieve the best description of the experimen-
tal data, fixing the electron densities over temperature
and moisture changes. In other words, only structural
parameters were allowed to vary.
With the aim of implementing this methodology in a
recent structural model, the lamelar structure suggested
in [6] was also simulated following a procedure simi-
lar to that described above. In this case, the adjustable
parameters are the structural correlation length dp +dw,














spectively along the stacking direction; the mean square
fluctuation of the distance between water layers ∆ de-
scribing the stacking disorder; and the mean number of
stacks N. The routine developed permits to include tor-
tuosities in the flat interfaces, which enabled to furnish
SAXS patterns corresponding to perfectly flat domains
along lateral lengths not greater than ∼ 4 nm [6].

















Figure 2: SAXS profiles measured for the Nafion membrane with dif-
ferent hydration conditions.
Fig. 2 displays the experimental SAXS profiles for
the Nafion membrane in five different moisture con-
ditions, starting from a hydrated state similar to the
moisture degree at which the membrane operates in a
fuel cell (curve 1), until it reaches a stationary mois-
ture equilibrium at laboratory conditions (curve 5). In
these curves, the ionomer peak and the matrix knee are
clearly present. The ionomer peak corresponds to the
first maximum in the structure factor [19], which evi-
dences a local ordering within the ionic clusters [20].
The matrix knee is usually attributed to a supralamellar
distance in the crystalline part on the polymer and its
intensity depends on the degree of crystallinity [11].
With the aim of modeling the Nafion channel struc-
ture, electron density maps were furnished for locally
flat and hexagonal domains, following the procedure de-
scribed in the previous section. As an example, Fig. 3
displays the density maps obtained for the present in-
verse core-shell model corresponding to the maximum
moisture degree considered in this work. The SAXS
profiles resulting from these maps were fitted to the ex-
perimental data. Fig. 4 shows a comparison between
Figure 3: Simulated electron density map for the maximum hydration
condition.
measured and simulated profiles corresponding to two
different hydration conditions (curves 1 and 5 in Fig.
2). As expected, the ionomer peak is readily reproduced
with an appropriate correlation length characterizing a
determined structure. For the lamelar structure, it corre-
sponds to the length embracing two contiguous water-
polymer layers (dp+dw); whereas for the locally hexag-
onal structure, this length is associated to the hexagon
apothem (d10). The matrix knee at lower q accounts
for the polymer crystals, as previously established in
the literature [8, 21]. The predicted intensity for the
low-q region is overestimated with the lamelar structure,
even for different choices of the disorder in layer separa-
tion ∆. It is worth emphasizing that this overestimation
would be even greater if the crystallite contribution is
added (as discussed below). This discrepancy has been
explained in [6] suggesting that “the structures are close
to planar on a local scale only (≤ 4 nm), with tortu-
osities on longer scales”. However, this artificial inten-
sity increase for low q values is present even when tak-
ing roughness into account, as shown in Fig. 5; the ef-
fect of tortuosities manifests in a correlation loss which
markedly reduces the ionomer peak (and eventually and
broadens it). Fig. 5 also includes lamelar SAXS patterns
corresponding to different parameter settings.
In order to compare the present inverse core-shell
model with the parallel cylindrical non-core-shell ap-














Figure 4: Experimental and simulated SAXS profiles. Different components for curve 1 (a), and curve 5 (b) from Fig. 2.
maps were also furnished for this latter, following the
procedure described above with no distinction between
sulfonic chains and amorphous polymer. Fig. 4 shows
that the non-core-shell model adequately describes the
experimental data for low q values, since both models
share the crystallite phase; however, for q values around
the ionomer peak, this description markedly underesti-
mates the measured intensity.
Figure 5: Experimental SAXS profiles and those simulated for the
lamelar model with different parameters. Best lamelar fit (no rough-
ness, shown in Fig. 4): dp +dw = 3.85 nm, ∆ = 1.8 nm; lamelar 1: no
roughness, dp +dw = 4.00 nm, ∆ = 1.7 nm; lamelar 2: no roughness,
dp +dw = 3.80 nm, ∆ = 1.4 nm; tortuose: best configuration including
roughness in the interfaces.
As mentioned above, crystallites are an important
component of the structure of Nafion membranes.
Schmidt-Rohr and Chen [8] show, in accordance with
other authors [12, 16, 18], that polymer crystals are re-
sponsible for approximately 3/4 of low q scattering in-
tensity. In the present simulations, crystals were con-
sidered as extended rectangular prisms of ∼ 8 nm2 av-
erage cross sections. The volume fraction of crystal-
lites produced by the simulations ranged between 1-
2%, lesser than the results obtained by Schmidt-Rohr
and Chen [8] and Knox et al. [21], who estimated val-
ues between 8-10%. These differences may be due to
the activation treatment carried out, which could alter
the membrane crystallinity. In order to check this issue,
X-ray diffraction (XRD) measurements were performed
in a Nafion membrane before and after the activation
treatment. Fig. 6 shows examples for the XRD patterns
acquired, along with fits to the first two-peak structure
corresponding to an amorphous peak at q = 11.64 nm−1
overlapping with a crystalline peak at q = 12.34 nm−1,
before and after treatment. The patterns also bear a less
studied third peak at q = 27.5 nm−1, whose correspond-
ing Bragg distance (2.28 Å) might be interpreted as an
intrachain distance within a Nafion chain [20, 22, 23]. A
measure for the crystallinity can be assessed by integrat-







































































(a) Raw - whole
Figure 6: X-ray diffraction patterns taken from the Nafion mem-
brane: whole pattern before the activation treatment (a), and fits cor-
responding to the first two-peak structure with an amorphous peak at
q = 11.64 nm−1 overlapping with a crystalline peak at q = 12.34 nm−1
before (b) and after (c) treatment, after background subtraction.
membrane, and 0.154 for the activated one, evidencing
a loss of crystallinity with the activation process. This
was to be expected, since the acid treatment produces
partial polymer hydrolisis, as shown in [24]; this en-
sures a better interconnection of the hydrophillic chan-
nels, improving the proton conductivity. This reduction
in χc is in agreement with the smaller volume fraction
of the crystalline phase resulting from the present simu-
lations, as discussed above.
Table 1 displays the results for the ionomer peak cen-
troid qp, the equivalent mean distance d10 in real space,
and the full width at half maximum (FWHM) for the
SAXS curves displayed in Fig. 2. In order to achieve
an optimal description of the experimental SAXS pro-
files, the radial distribution proposed by Schmidt-Rohr
[15] was modified for the present simulations by vary-
ing the r value and the corresponding radius range, ac-
cording to the hydration degree: radii ranged between
0.55-1.45 nm with an average radius of 0.9 nm for curve
5, and between 0.85-1.75 nm with an average radius of
1.22 nm for maximum hydration (curve 1).
The SAXS ionomer peak position is related to the
membrane hydration degree [6, 9, 10]. As can be seen,
the peak position shifts to higher q values as the mem-
brane dehydrates. The results reported by Perrin et al.
[10] suggest relative moisture values between ∼15%
(curve 5) and ∼85% (curve 1), which respectively trans-
late in volume percentages of ∼10% and ∼25%, accord-
ing to Kong and Schmidt-Rohr [25]. These values are
in agreement with the water volume concentrations re-
sulting from the present simulations, which were 11%
and 17% for curves 5 and 1, respectively. Water vol-
ume fractions of 20 and 24% for ionomer peak posi-
tions around q = 1.4 nm−1, were reported by Rubatat et
al. [19] and Gierke et al. [11], which are in clear accor-
dance with the trend found here.
The ionomer peak width is attributed to the structural
disorder present in the formation of clusters [6]. As the
membrane dehydrates, the FWHM value decreases due
to a reordering of channels (see Table 1); these FWHM
values are associated with the coherence length `. In
the simulations carried out here, the values obtained for
the disordering parameter 〈v〉 were 2.4 and 2.1 nm for
curves 1 and 5, respectively.
Figure 7: SAXS profiles for the Nafion membrane when dehydrat-
ing at different temperatures. Continuous lines: experimental; dashed
lines: simulated. Simulations account for the closed or open (hollow)
channel approach (see text).
Fig. 7 shows the set of SAXS profiles measured at dif-
ferent temperatures and ambient moisture conditions. It
can be seen that the ionomer peak shifts to higher q val-
ues as the temperature increases. This can be associated
to a partial dehydration in the first stage of heating at














Table 1: Ionomer peak centroid qp, equivalent mean distance d10 in real space, full width at half maximum (FWHM), and coherence lengths ` for
the SAXS curves displayed in Fig. 2
Curve qp (nm−1) d10 (nm) FWHM (nm−1) ` (nm)
1 1.53 4.10 0.648 8.73
2 1.73 3.63 0.536 10.55
3 1.75 3.59 0.536 10.55
4 1.78 3.53 0.530 10.67
5 1.79 3.51 0.528 10.71
almost completely.
In order to analyze the structure changes as the
membrane dehydrates in these experiments, simulations
were performed considering two possible models. In
the first one, channels are expected to lose correlation
lengths when temperature is raised and water is re-
leased: the membrane final structure is composed by
the amorphous polymer matrix, the polymer crystallites
and the disordered remainders of the water channels,
constituted only by the sulfonic chains. The second
approach maintains the structure of hexagonal clusters
involving the inverse core-shell cylinders, where water
is not present any more and their radii have been re-
duced but the hexagonal package remains (electron den-
sity zero). Fig. 7 shows a comparison of the experi-
mental SAXS curve acquired at 100◦C with the result-
ing profiles simulated through both models. As a result
of the series of simulations carried out, for the model of
channels closed after dehydration the final radial distri-
bution ranged between 0.7-1.2 nm, with a mean value
of 0.95 nm, and parameters d10=2.4 nm and 〈v〉=1 nm.
For the second approach of open (hollow) channels, the
radial distribution ranged between 0.15-1.05 nm, with a
mean value of 0.5 nm, d10=2.5 nm and 〈v〉=1 nm. As
can be seen in Fig. 7, the second model allows for a bet-
ter description of the experimental SAXS profile, which
suggests that channels remain open after dehydration.
5. Conclusions
The Nafion 117 membrane structure was character-
ized through SAXS measurements and Monte Carlo
profile simulation. The experimental data taken for dif-
ferent moisture and temperature conditions, were com-
pared with those simulated by means of a specific pro-
gram developed to this aim, which provides suitable
electron density maps, appropriately processed to pro-
duce simulated SAXS patterns. on the basis of an in-
verse core-shell type channel structure. The assess-
ments included the parallel cylindrical non-core-shell
[8] approach as well as the recent lamelar structure
model [6]. The improved electron density maps cor-
responding to parallel water cylindrical channels in the
form of inverted micelles provide optimal fits to the ex-
perimental SAXS data.
The geometrical parameters involved in the electron
density maps furnished for the simulation of the SAXS
patterns were optimized for each experimental condi-
tion. The comparisons with the measured data allow to
state that the inverse core-shell type channel model ad-
equately describes the membrane structure for the vari-
ous moisture conditions studied. As the membrane de-
hydrates, the results show that the water channel radii
decrease, and the hexagonal cluster structure becomes
more compact and ordered.
The simulation program developed was also used to
study the channel structure as the membrane tempera-
ture increases at ambient moisture. The final profiles fit-
ted suggest that channels do not collapse, but the struc-
ture of hexagonal clusters involving the core-shell cylin-
ders is maintained after dehydration.
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Nafion membrane channel structure studied by small-angle X-ray scattering
and Monte Carlo simulations
Highlights
 Nafion 117 membrane structure was studied through SAXS pattern simulations.
 Measurements were taken for different moisture conditions and for different temperatures.
 A simulation program was developed to produce SAXS profiles for the structure model
proposed.
 Suitable electron density maps were obtained, based on a core-shell type channel structure.
